Abstract. The purpose of this paper is to mitigate bullwhip e ect (BWE) in a Supply Chain (SC). Four main contributions are proposed. The rst one is to reduce BWE through considering its multiple causes (demand, pricing, ordering, and lead time) simultaneously. The second one is to model demands, orders, and prices dynamically for reducing BWE. Demand and prices have mutual e ect on each other dynamically over time. In other words, a time series model is used in a game theory method for nding the optimal prices in an SC. Moreover, the optimal prices are inserted into the time series model for forecasting price sensitive demands and orders in an SC. The third one is to use demand of each entity for forecasting its orders. This leads to drastic reduction in BWE and Mean Square Error (MSE) of the model. The fourth contribution is to use optimal prices instead of forecasted ones for demand forecasting and reducing BWE. Finally, a numerical experiment for the auto-parts SC is developed. The results show that analysing joint demand, orders, lead time, and pricing model by calculating the optimal values of prices and lead times leads to signi cant reduction in BWE.
Introduction
The competitive nature of business environment compels each company to minimize its supply, manufacturing, inventory, and distribution costs. Cost reduction techniques are more required in case of cooperating with other rms in an SC. One of the main causes of imposing extra costs to entities in an SC is demand ampli cation through the chain. This phenomenon has been recognized by Forrester [1] , and Lee et al. [2] named it bullwhip e ect (BWE) later. Such a destructive e ect occurs when an end customer places an order, and its order is ampli ed as it moves through the chain. Dominguez et al. [3] studied the e ect of Supply Chain Network (SCN) con guration and returns of goods on BWE. They showed that returning goods increased BWE in serial SCN more than divergent con guration did. Moreover, Dominguez et al. [4] investigated the impacts of important factors of SCs, including the number of nodes and echelons and the distribution of links, on BWE. In order to measure BWE, two di erent methods were introduced by Cannella et al. [5] including customer service level and process e ciency. Chat eld et al. [6] introduced another type of BWE in SCs, which was stock out ampli cation rather than demand ampli cation. Cannella et al. [7] demonstrated that both stock out and demand ampli cation were reduced in a coordinated SC.
In order to reduce demand ampli cation or BWE, its main causes should be investigated. Lee et al. [2, 8] introduced demand forecasting, order batching, price uctuation, rationing and shortage gaming, and nonezero lead time as the main causes of BWE. Ma et al. [9] investigated the e ect of di erent forecasting techniques on BWE on product orders and inventory. Ma et al. [10] studied the e ect of information sharing and demand forecasting on reducing BWE.
Several researchers have studied di erent forecasting methods for reducing that e ect [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [32] . In spite of the fact that these papers consider pricing decisions in BWE problems, they have not studied the e ect of pricing on creating BWE. Instead, the e ects of supplier's selling prices on price ampli cations in downstream rms, such as retailers, have been investigated. In other words, the e ects of pricing decisions on demand and order ampli cation (BWE) have not been analysed. Zhang and Burke [33] considered pricing in BWE problems. The main drawback of that paper was that selling prices in an SC were forecasted. However, their exact values were extractives from an optimization problem, and this process is investigated in this paper.
The last causes of BWE generation, shortage gaming, and lead time were investigated by Cachon and Lariviere [34] and Agrawal et al. [35] , respectively. Thus, in order to reduce BWE, its main causes have been studied in the literature, leading to production and inventory cost reduction. Although many researchers have focused on reducing BWE, there is no work in the literature to consider its multiple causes resulting in more reduction in this phenomenon. All the above papers concentrated on one of the main reasons of BWE. The only research in the literature which considered two compound causes of this e ect was performed by Zhang and Burke [36] . However, this work su ered from the abovementioned drawback. Therefore, there is a huge gap in the literature on BWE, which is open to investigation. Analysing multiple causes of BWE (demand, ordering policy, pricing, and lead time) simultaneously is an important contribution to decrease BWE signi cantly.
In this paper, 4 main contributions are proposed. The rst one is to decrease BWE through studying multiple causes of this phenomenon (demand, pricing, ordering policy, and lead time) simultaneously. This leads to more reduction in the destructive event (BWE). In a three-echelon SC consisting of a retailer, a distributor, and a manufacturer, pricing decisions are dependent and made sequentially. Therefore, optimal values of prices and lead times of the entities in an SC are obtained by modelling a sequential (Stackelberg) game theory problem. A retailer decides on prices with respect to the distributor's selling prices, and the distributor quotes prices based on the manufacturer's selling prices.
The second contribution is to model demands, orders, and prices dynamically for reducing bullwhip e ect. Demand and prices have reciprocal e ect on each other dynamically over time. In other words, a time series model is used in the optimization problem, which is solved by a game theory method for nding the optimal values of prices and lead times in the SC. In the time series model, demands are calculated by autoregressive functions with an exogenous variable (ARX). In addition, orders are modelled by moving average functions with an exogenous variable (MAX). Then, the optimal prices obtained from the game theory problem are inserted into the time series model for forecasting price sensitive demands and orders in the SC. This reciprocal process, in which demands are used to calculate prices and then, optimal prices are inserted into demand functions, is done dynamically over time.
The third contribution is to use demand of each entity in SCs for forecasting its ordering quantities. However, in the literature, upstream order is forecasted by using its immediate downstream order. The proposed approach in this paper, in which demands of each entity are used to forecast its ordering quantities, leads to drastic reduction in BWE and MSE of the model. The last contribution is to nd optimal prices and use them for demand forecasting and reducing BWE instead of utilizing forecasted prices.
The rest of the paper is organized as follows. Problem de nition and modelling are discussed in Section 2. BWE is measured and reduced in Section 3. The model proposed in Section 3 is validated and veri ed in Section 4. Section 5 illustrates numerical experiments. Finally, conclusions and future research are presented in Section 6.
Problem de nition and modelling
In this paper, a three-echelon SC including a retailer, a distributor, and a manufacturer in an auto-parts SC is studied. BWE leads to demand ampli cation from downstream to upstream echelons. Because of this ampli cation, upstream rms in an SC receive inaccurate demand information, leading to excess production and inventory costs. Therefore, there is an increasing need to propose novel methods for measuring and reducing the BWE problem. Studying the main causes of BWE occurrence and trying to decrease them are signi cant steps for reducing BWE. Therefore, a novel model covering multiple causes of BWE (demand-pricing-ordering-lead time) is presented. The new method is an extended version of the model presented by Ozelkan and Cakanyildirim [32] . However, it recti es 3 main drawbacks of their method.
First, it investigates the e ect of pricing decisions on demand and order ampli cation (BWE), and it works on mechanisms to reduce this e ect. However, the model presented by Ozelkan and Cakanyildirim [32] neither studies the e ect of prices on demand amplication (BWE) nor presents mechanisms to reduce it. Instead, it tries to show price ampli cation in SCs. Second, in that paper, joint demand-pricing-orderinglead time decisions are quanti ed for measuring and reducing BWE in SCs. However, only pricing decisions are studied and other causes of BWE have not been considered. Third, herein, due to the volatility of demands, orders, and prices, they are dynamically calculated over time. Moreover, demands and prices have mutual e ect on each other. Demands are used by a time series model in the objective function of pricing problems. Then, optimal prices are inserted into the time series model for demand forecasting. Figure 1 shows a three-echelon auto-parts SC including a retailer, a distributor, and a manufacturer. In order to solve the BWE problem, 5 main steps are implemented. First, optimal lead time and pricing values for each entity in the SC are calculated using a sequential game theory approach. Second, the optimal values are substituted in an auto-regressive exogenous input (ARX) time series for forecasting demand of each entity. Third, orders of each entity are forecasted using its demands. Then, in order to validate the model, a technique in which downstream orders have been applied for forecasting upstream orders is extracted from literature and implemented. Next, mean and variance of demands and orders are calculated for quantifying BWE. Fourth, BWE is measured by means of the two aforementioned ordering policies. The results of these methods are compared to show which method is more capable of reducing BWE (model validation).
Optimal values of selling prices and lead times are used in a time series model for forecasting demands and orders. However, autoregressive method has been used to forecast prices in an SC in literature [33] . Therefore, in the fth step, two pricing approaches are compared with each other for validating the model proposed in this paper. MSE of order forecasting and variance of orders are calculated for both pricing approaches. Then, results are compared with each other to nd which method has less forecasting error and variance of orders. Distributor's inventory capacity l 2 Lead time of distributor l 2 Optimal lead time of distributor I2 Distributor's inventory level z t Price of manufacturer's goods q t; 3 Demand for manufacturer's products in period t qt 1;3 Demand for manufacturer's products in period t 1 r 3 Constant number in manufacturer's demand function z t
Optimal price of manufacturer's products in period t 3 Manufacturer's production capacity l3
Lead time of manufacturer l 3 Optimal lead time of manufacturer k = ln 1 
In order to nd optimal values of prices, the above optimization problem is solved by extending the method presented by Ozelkan and Cakanyildirim [32] . They proved that if q 0 < 0 and0 (q 0 ) 2 j p(w)=p < 2 for all p , where p denotes the critical point(s) of R (p), the optimal value of p is equal to p = n pj d R (p) dp = q + (p w)q 0 = 0 o (for more details of the proof, please refer to [32] Proof. See Appendix C. Proof. See Appendix D.
Demand model for distributor
In this subsection, a model for forecasting distributor's demand is proposed. Using the optimal values for distributor's selling prices from Subsection 2.2, distributor's demand function is calculated as follows: q t;2 = r 2 w a 2 c 2 t q 1 a 2 t 1;2 ; t = 1; 2; :::; T; (31) where w t are the optimal selling prices for distributor's goods, q t;2 indicates distributor's demand time series for the current period, and q t 1;2 shows its demand for the previous period. r 2 is a constant coe cient. In order to forecast distributor's demand for the current period, natural logarithm of Eq. (31) is taken. Eq. (32) shows an ARX time series for distributor's demand forecasting:
ln(q t;2 )= 2 ln(w t )+' 2 ln(q t 1;2 )+ln(r 2 )+" t;2 ; (32) where 2 = a 2 c 2 , ' 2 = 1 a 2 , and " t;2 is a white noise process of distributor's demand forecasting with zero mean and variance of 2 "2 . After forecasting distributor's demand, its expected value and variance should be calculated for measuring BWE in Section 3. 
Numerical experiments
In order to validate the proposed methods, a data set from auto-parts industry is used to analyse the contributions of this paper, namely, (I) using optimal prices instead of forecasted ones for demand and order forecasting; (II) investigating the e ect of joint demand-order-pricing-lead time decisions on reducing BWE; (III) calculating order quantities for each echelon in an SC through its relevant demand instead of using downstream orders for measuring upstream orders. This section is organized as follows. In Subsection 5.1, the e ect of joint demand-order-lead time and optimal prices on reducing BWE is investigated using data set of an auto-parts SC. After calculating BWE metric with forecasted prices, the results are compared with the case in which BWE is calculated with the optimal prices. Subsection 5.2 compares the proposed method, in which demand of each entity is used to forecast its order quantity, with the method in which upstream orders are predicted by downstream orders.
Joint demand-pricing-lead time model for
reducing BWE in auto-parts industry
In this subsection, the proposed joint demand-pricinglead time method is used to reduce BWE. Then, the method is compared with the model in which prices are forecasted. In order to show the e ect of joint demand-pricing-lead time decisions on reducing BWE, we use a data set of an auto-parts manufacturing company. Figure 2 shows the demand functions of retailer, distributor, and manufacturer. For calculating joint demand-pricing-lead time model, retailer's optimal selling price is used to forecast its demand using Eq. (15) . A statistical test called coe cient test is applied by EViews software to determine ARX structure of Eq. (15). Table 2 shows the coe cient test for retailer's demand. In Table 2 , AR(10) shows 10th order auto-regressive variable of natural logarithm of retailer's demand, ln (q t 10;1 ). The rst to 9th order AR variables (AR(1), AR(2),..., AR(9)) have been examined with coe cient test. Since the corresponding p-values for the rst to 9th order AR variables are higher than 0.025, variables are rejected and AR(10), whose p-value is lower than 0.025, is accepted. P -value is the probability of obtaining a result equal to or more than what is observed. The coe cient of AR(10) is extracted from Table 2 . Moreover, the expected value and variance of retailer's demand are calculated through Eqs. (19) and (20) . In the next step, retailer's order quantity is calculated through Eq. (27). Table 3 shows coe cient test for retailer's order quantity. In Table 3 , OMEGA is a representative of [ln(1 + l1 r 1 p t+1 q ' 1 t;1 l1 )] in Eq. (35). After identifying ARX coe cients, demands of retailer, distributor, and manufacturer are forecasted and compared with the actual ones for period t. Figure 3(a) shows the actual and forecasted demands for retailer, distributor, and manufacturer. The gure illustrates that there is a trivial di erence between actual and forecasted demands. This fact shows that the method proposed in this paper has high capability of demand forecasting with low error. Figure 3( as the forecasted ones (the method presented in the literature) in an auto-parts SC. Figure 3 (b) demonstrates that demand ampli cation from retailer to manufacturer is signi cantly reduced by applying optimal prices rather than forecasted ones. As it is illustrated in the gure, demands of retailer, distributor, and manufacturer calculated with optimal prices are very close to each other in comparison with the demands obtained by the forecasted prices. Figure 3(a) and (b) show that demands forecasted using optimal prices are better estimations of actual demands than the demands obtained by forecasted prices are. Figure 3 (c) shows demands and orders of entities in the SC calculated by the optimal prices. Figure 3(d) indicates that BWE exists in the SC because order of each entity is ampli ed as it moves through the chain. The di erence between demand and order of each entity represents the existence of BWE in the SC. Therefore, BWE is signi cantly reduced by using optimal prices in demand and order calculation rather than by using forecasted ones. Table 4 shows BWE metric and variances of demands and orders for each entity measured by optimal prices as well as by forecasted ones. Table 4 indicates that the BWE metric calculated with the proposed method, using the optimal prices, is lower than the BWE metric measured by the forecasted prices. The rst row of Table 4 shows that BWE metrics for retailer, distributor, and manufacturer are close to each other and approximately equal to 1. Thus, BWE is signi cantly reduced and it can be claimed that BWE is almost eliminated by the method presented in this paper.
The second row of Table 4 shows that the BWE metric measured by forecasted prices is very high. Comparing row 3 with row 4 of Table 4 shows that variances of demands are signi cantly reduced by applying the proposed method using optimal prices. Moreover, when demand is calculated by optimal prices, demand ampli cation is lower than when it is measured by forecasted prices. Comparing rows 5 and 6 of Table 4 shows that variances of orders are signi cantly reduced and orders are not ampli ed signi cantly by applying the proposed method using the optimal prices.
The e ect of ordering policies on BWE
As it was discussed in Subsection 5.1, statistical tests are applied to nd the best time series for forecasting orders. Those tests are not included here for brevity. Figure 4 (a) shows orders of each entity in the SC calculated by two methods: (I) Orders of each entity are calculated using its received demands; (II) Orders are measured using downstream orders. Retailer's orders for both methods are the same, because retailer is the rst echelon, and there is no downstream echelon after it. Therefore, its order is calculated by its own demand. Comparing solid lines with diamonded-solid ones shows that orders of each echelon quanti ed by its received demand are ampli ed less than orders calculated with downstream orders. In other words, the proposed method, in which order of each entity in the SC is calculated through its received demand, signi cantly reduces BWE. Figure 4(c) shows that orders that have been calculated by the received demands are not ampli ed signi cantly. Thus, BWE is reduced signi cantly when orders are calculated by demands. Table 5 shows that the BWE metric quanti ed with the method proposed in this paper is lower than the metric measured using the orders that are calculated by demands. Comparing the 5th row of Table 5 with the 6th one indicates that the variance of orders calculated by downstream orders is more than the variance of orders measured by demands.
Implications
This works demonstrates that 3 factors can signicantly reduce BWE in SCs. The rst one is joint demand, pricing, ordering, and lead time decisions. This occurs due to the fact that eliminating the causes of BWE generation will lead to its reduction. If multiple causes of BWE are analysed simultaneously, it decreases more signi cantly. Demand forecasting is one of those causes. From downstream to upstream echelons of the SC, demand forecasting errors are accumulated and added to the next echelon of the chain, leading to demand ampli cation (BWE) and inaccurate demand information. These inaccuracies will increase the variance of orders through the SC. If variance of orders increases in the SC, uctuations occur in production system, which lead to either generating huge inventories or shortage of products and loss of customers. Both of them impose extravagant costs to the entities in the SC. Thus, providing more accurate demand forecasting helps production managers to provide smoother production plan with the least uctuations, leading to reduction in inventory and shortage costs. In this paper, the results of demand forecasting with ARX model showed that variance of orders and BWE were reduced signi cantly, which would lead to further cost reductions in an SC and production planning without high uctuations. Inaccurate or improper ordering policies, pricing, and lead time decisions also lead to more ordering variance through the SC, which consequently increase costs of each entity. The results of presenting the new methods for ordering policy, lead time, and pricing decisions demonstrated that variance of orders and BWE were reduced using the proposed methods.
The second factor is to use optimal prices instead of the forecasted ones. As it was proved mathematically and shown by numerical experiments, optimal prices reduce MSE of demand forecasting and, consequently, reduce BWE. The third factor is adopting an appropriate ordering policy. In this paper, it was mathematically and numerically proved that using demand of each entity for calculating its order quantities would signi cantly reduce BWE in comparison with the method in which downstream orders were used. It is worthwhile to mention that there is a di erence between the demand received by the distributor (or the manufacturer) and its downstream order in practice.
Practically, in an SC, the manufacturer requires to have distributor's demand in advance in order to be able to produce adequate products. Assume that the manufacturer decides to provide the raw material to produce next week's products. In the current week, the manufacturer does not have market demand for the next week. Thus, the manufacturer uses the forecasted demand of the distributor, which is predicted by demand planning department. Manufacturer will place its order for providing the required raw material based on the forecasted demand of the distributor. Then, at the end of forecasting period, the distributor places its actual order and manufacturer will receive actual demand of the distributor. Thus, the distributor's order di ers from the demand that the manufacturer receives from demand forecasting department. This occurs due to the fact that actual demand of distributor is not available in the planning period (current week); hence, its forecasted demand is used. This paper showed that using demand of each entity for calculating its order quantities would reduce BWE signi cantly in comparison with the method in which downstream orders were used. This is due to the fact that downstream orders accumulate forecasting errors; however, using demand of each entity only includes forecast errors of one stage.
Production managers can use the proposed techniques for reducing costs of SC and making production plan smoother with less uctuations in inventory and ordering. In addition to managers and practitioners, academic communications also bene t from this study. They can use the proposed method accompanied by investigating the e ect of shortage gaming on BWE.
Conclusions and future research
This paper investigated the impact of joint demand, orders, lead time, and pricing decisions on reducing BWE. In order to mitigate it, 4 major contributions were proposed. The rst contribution was considering multiple causes of BWE (demand, orders, lead time, and pricing) simultaneously for reducing it. The second one was to model demands, orders, and prices dynamically. Demand and prices have mutual e ect on each other over time. Therefore, a time series model was applied in a game theory method for nding the optimal values of prices in an SC. Then, optimal prices were inserted in the time series model for demand forecasting. The third contribution was proposing a new policy to nd order quantities for each entity in the SC. The new method used demand of each entity to calculate its order quantities. In order to validate the new ordering policy, it was compared with the method in the literature, which used downstream orders for forecasting upstream orders.
It was proved that using demand of each entity for calculating its order quantities would reduce BWE signi cantly in comparison with the method in which downstream orders were used. The fourth contribution was to nd optimal prices and use them for demand forecasting and reducing BWE. It was proved that the proposed method, which used optimal prices to forecast demands, had low forecasting error in comparison with the technique that forecasted prices. Furthermore, it was proved that using optimal prices for forecasting demands and orders in SCs would reduce BWE significantly.
Then, the proposed model was validated using a data set of an auto-parts SC. First, the e ect of the proposed joint demand, orders, lead-time, and pricing model on BWE was investigated. In order to reach that goal, the e ect of optimal prices on BWE was compared with the impact of the forecasted prices on BWE. Statistical tests were used to nd the most appropriate time series for demand and order forecasting. The results showed that BWE and variance of orders/demands were signi cantly reduced when optimal prices were used. Second, the proposed ordering policy, which used the received demands of each entity to nd its order quantities, was examined by a data set of an auto-parts SC. The results were compared with the method in which orders of each entity were obtained by downstream orders. This comparison indicated that BWE and variance of orders were signi cantly reduced when orders of each entity were calculated by its received demands. It can be claimed that BWE was almost removed from the SC using the proposed method. In addition, this paper provides a fundamental structure for future research. That is, analysing the impact of compound causes of BWE, including shortage gaming, on reducing it. 30. Wang, J-L., Kuo, J-H., Chou, Sh-Y., and Wang, ShZh. \A comparison of bullwhip e ect in a single-stage supply chain for autocorrelated demands when using correct, MA, and EWMA methods", Expert. Syst.
Appl., 37(7), pp. 4726-4736 (2010).
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Ozelkan, E.C. and Lim, C. \Conditions of reverse bullwhip e ect in pricing for price-sensitive demand Box L.II in retailer echelon when prices are forecasted instead of using the optimal values of prices. Since some part of the price information is lost in each period of time and it is not transferred to the next period, price inequality p t+1 < (p ap t ) exists; therefore, F 1 < G 1 .
The following inequalities show that BWE is signi cantly reduced by utilizing the method proposed in this paper in comparison with the method used in literature. The model proposed here nds the optimal values for prices. The optimal prices are substituted in demand and order forecasting models. Finally, variances of demands and orders are calculated and BWE is quanti ed. However, the method in the literature uses forecasted prices, leading to higher demand ampli cation and more BWE value: 0 < a p < 1 ! 0 < a 2 Similarly, it can be proved that BWE in distributor's and manufacturer's echelons is minimal at optimal price and lead time; however, the proof is not included here for briefness.
Appendix M
In this part of the paper, the theoretical and practical distinctions between the demand received by the distributor (or the manufacturer) and its downstream order are described.
M.1. In theory
The demand received by the manufacturer di ers from its downstream order as follows [ 
